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Crucial point: Understanding 
the drug:heme recognition 
process at the molecular level
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Literature models
Molecular mechanics (MM) simulations and spectroscopic data point out that π⋅⋅⋅π interactions 
should also play a role in determining the heme:CQ geometry 
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Zhikol Functional extracts approximate π···π interaction 
energies from the topological properties of the charge density
( ){ }∑ +∇⋅−∇⋅=⋅⋅⋅ i iiiiCE 2222ππ )84(635)9.3(6.131)14(214.1 ρρρ
Sum goes thorugh all the cage critical points
Ci is the cosine between the vectors connecting each 
cage critical point with its closest ring critical points
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Dispersive contribution to π···π energy is here weakly repulsive
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Fitting the difference signal pH = 5.0
3-paths model
Parameter
Path to which 
it is applied
Value
S0
2 All 1.1(4)
∆E0 All -6(3) eV
σ2 All 0.008(6) Å2
r1 Fe-N1 1.77(3) Å
r2 Fe-C2 2.51(6) Å
r2 Fe-C8 2.82(6) Å
R=0.0699 
Reduced χ2=9.1
DoF=3
Interpreting the fitting pH = 5.0
Parameter
Path to 
which it is 
applied
Value
r1 Fe-N1 1.77(3) Å
r2 Fe-C2 2.51(6) Å
r2 Fe-C8 2.82(6) Å
Position of the CQ lateral hydrocarbon chain?
A direct Fe-N bond is consistent with previous 
solid-state NMR findings
de Dios et al., J. Phys. Chem. A 2003, 107, 5821
Does such an interaction geometry correspond to 
a true energy minimum on the PES?
Macetti et al., Physica Scripta 2016, 91 023001
DFT results UB3LYP 6-311G(p,d), corrected for dispersion
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CQH22+
+
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∆H = -16.2 kcal/mol
FePPIX(CQH)H+
FePPIX(OH)H-
To be compared with calorimetric results for the heme:CQ association in water
∆H = -10(1) kcal/mol @ pH = 6.5, T = 37 °C [Dorn et al., Biochem. Pharmacol. 1998, 55, 727]
∆H = -7.9 kcal/mol @ pH = 5.6, T = 28 °C [Vippagunta et al., J. Med. Chem. 1999, 42, 4630]
Solvent: water
DFT Energetics
Heme:CQ interaction energy (in vacuo): -106 kcal/mol, Eπ···π = -31(2) kcal/mol (Zhikol)
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DFT Energetics
Heme:CQ interaction energy (in vacuo): -106 kcal/mol, Eπ···π = -31(2) kcal/mol (Zhikol)
Most of the interaction energy (~ -63 kcal/mol) comes from strong charge-assisted hydrogen bonds, 
as estimated through the NBO analysis of the first-order density matrix
Macetti et al Crystal Growth Des. 2016. 16, 6043
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Conclusions
Charge-assisted hydrogen bonds between heme propionate and lateral 
CQ hydrocarbon chain are as important as stacking interactions to 
stabilize the adduct: they are both active part of the drug 
pharmacophore
π···π interactions used to be believed as the main actors of the heme:CQ 
recognition process
They are indeed found in the solid state, both in chloroquine and in 
piperaquine, but the interaction between positively charged facing quinoline 
rings is strongly repulsive: and so should be in solution between 
protonated quinoline and Fe(III) in heme
EXAFS and DFT data are consistent with a heme:CQ condensation 
adduct where a direct Fe-N bond is exploited
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Implementing the EXAFS fitting pH = 5.0
Rigid translations of the drug with respect to Fe centre were refined:
1 S02 and 1 ∆r parameter for the whole CQ molecule (+2 variables)
The DFT-predicted adduct was used to generate a novel set of backscattering paths 
Heme+CQ
FePPIX(CQH)H+
* Hamilton, Acta Crystallogr. 1965, A18, 502
Statistics
Reduced χ2 = 17.7
R = 0.026
DoF = 5
Hamilton R-test*: 
Satisfied (with a confidence level of 
75 %) with respect to the model 
based on monomeric hematin
Macetti et al., Physica Scripta 2016, 91 023001
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Other EXAFS results
• DMSO as 
solvent
• Mesohematin 
anhydride as 
substrate
FePPIX(CQH)H+-110.8 kJ/mol 
DFT Energetics75
-245.6 kJ/mol 
FePPIXH
+  H2O
+ OH-
+ CQH+
FePPIX(H2O)H
FePPIX(OH)H-
Solvent: water
-42.6 kJ/mol 
CQ
Periodic simulation results
. Macetti et al Crystal Growth Des. 2016. 16, 6043
From the topological analysis of the charge density 
according to the Quantum Theory of Atoms in Molecules, 
atomic interaction lines (AILs) found between the facing 
rings atoms (C,N and Cl)
CQ
Periodic simulation results
Contact dA···A / Å ρbcp /au ∇2ρbcp /au Gbcp Vbcp
C3···Cl 3.4497 0.007 0.022 12.4 -10.1
C6···N1 3.4857 0.005 0.021 10.1 -6.6
C4A···C8 3.5204 0.004 0.019 8.6 -5.0
. Macetti et al Crystal Growth Des. 2016. 16, 6043
From the topological analysis of the charge density 
according to the Quantum Theory of Atoms in Molecules, 
atomic interaction lines (AILs) found between the facing 
rings atoms (C,N and Cl)
The most representative point is the bond critical point 
(bcp), where ∇ρ(r) vanishes.
CQ
Periodic simulation results
From the topological analysis of the charge density 
according to the Quantum Theory of Atoms in Molecules, 
atomic interaction lines (AILs) found between the facing 
rings atoms (C,N and Cl)
The most representative point is the bond critical point 
(bcp), where ∇ρ(r) vanishes.
Contact dA···A / Å ρbcp /au ∇2ρbcp /au Gbcp Vbcp
C3···Cl 3.4497 0.007 0.022 12.4 -10.1
C6···N1 3.4857 0.005 0.021 10.1 -6.6
C4A···C8 3.5204 0.004 0.019 8.6 -5.0
Very low charge 
density at the 
bond critical point
. Macetti et al Crystal Growth Des. 2016. 16, 6043
CQ
Periodic simulation results
Contact dA···A / Å ρbcp /au ∇2ρbcp /au Gbcp Vbcp
C3···Cl 3.4497 0.007 0.022 12.4 -10.1
C6···N1 3.4857 0.005 0.021 10.1 -6.6
C4A···C8 3.5204 0.004 0.019 8.6 -5.0
Very low charge 
density at the 
bond critical point
Positive 
Laplacian: local 
charge depletion
. Macetti et al Crystal Growth Des. 2016. 16, 6043
From the topological analysis of the charge density 
according to the Quantum Theory of Atoms in Molecules, 
atomic interaction lines (AILs) found between the facing 
rings atoms (C,N and Cl)
The most representative point is the bond critical point 
(bcp), where ∇ρ(r) vanishes.
CQ
Periodic simulation results
Contact dA···A / Å ρbcp /au ∇2ρbcp /au Gbcp Vbcp
C3···Cl 3.4497 0.007 0.022 12.4 -10.1
C6···N1 3.4857 0.005 0.021 10.1 -6.6
C4A···C8 3.5204 0.004 0.019 8.6 -5.0
Very low charge 
density at the 
bond critical point
Positive 
Laplacian: local 
charge depletion
Electronic kinetic energy
density dominating over the 
potential energy density
. Macetti et al Crystal Growth Des. 2016. 16, 6043
From the topological analysis of the charge density 
according to the Quantum Theory of Atoms in Molecules, 
atomic interaction lines (AILs) found between the facing 
rings atoms (C,N and Cl)
The most representative point is the bond critical point 
(bcp), where ∇ρ(r) vanishes.
• CQ · 2(H2PO4-) · 2(H2O) salt
sin(θ/λ)max = 1.0 Å-1
λ = 0.71073 Å
CCDC number = 1471834
Space Group = P21/c (14)
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β = 105.1788(2) Å
V = 2470.14(5) Å
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Disorder of one H2PO4
- ion and water 
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• CQ · 2(H2PO4-) · 2(H2O) salt
sin(θ/λ)max = 1.0 Å-1
λ = 0.71073 Å
CCDC number = 1471834
Space Group = P21/c (14)
a = 9.7212(1) Å
b = 16.7733(2) Å
c = 15.6966(2) Å
β = 105.1788(2) Å
V = 2470.14(5) Å
103 K
Infinite phosphate chains
along the b axis
CQ
Disorder of one H2PO4
- ion
Orientation of co-
crystallized water 
cannot be 
unequivocally
determined
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• CQ · 2(H2PO4-) · 2(H2O) salt CQ
P21/c symmetry is not “completely” fulfilled
Very difficult to extract the 
experimental charge density
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• CQ · 2(H2PO4-) · 2(H2O) salt CQ
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X-ray results
• CQ · 2(H2PO4-) · 2(H2O) salt CQ
P21/c symmetry is not “completely” fulfilled
Very difficult to extract the 
experimental charge density
Unknown dihedral
Unknown bond type (covalent or HB?)
HB frustration
X-ray results
• CQ · 2(H2PO4-) · 2(H2O) salt CQ
• Bad agreement for the water molecules
(shift ≈ 0.8 Å), due to symmetry issues
Water molecules are not significant in determining the 
intermolecular recognition pattern of CQH22+
• Good agreement for the chloroquine and 
phosphates molecules (RMSD = 0.014) 
Experimental
DFT
X-ray results
